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pulsed-laser  deposited  YBCO  films,  a  zero-field  superconducting  critical  current  density,  Jc  (77  K),  of  1  x  106  A/cm2  was 
demonstrated  on  an  all-solution,  simplified  Ce02(MOD)/GZO(MOD)/Ni-W  architecture.  The  present  study  establishes  GZO 
buffers  as  a  candidate  material  for  low-cost,  all-solution  coated  conductor  fabrication. 
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Chemical  solution  processing  of  Gd2Zr207  (GZO)  thin  films  via  sol-gel  and 
metalorganic  decomposition  (MOD)  precursor  routes  have  been  studied  on  textured 
Ni-based  tape  substrates.  Even  though  films  processed  by  both  techniques  showed 
similar  property  characteristics,  the  MOD-derived  samples  developed  a  high  degree  of 
texture  alignment  at  significantly  lower  temperatures.  Both  precursor  chemistries 
resulted  in  exceptionally  dense,  pore-free,  and  smooth  microstructures,  reflected  in  the 
cross-sectional  and  plan-view  high-resolution  scanning  and  transmission  electron 
microscopy  studies.  On  the  MOD  GZO  buffered  Ni-3at.%  W  (Ni-W)  substrates  with 
additional  CeOz/YSZ  sputtered  over  layers,  a  0.8-p.m-thick  YBa2Cu307_8  (YBCO) 
film,  grown  by  an  ex  situ  metalorganic  trifluoroacetate  precursor  method,  yielded 
critical  current,  Ic  ill  K,  self-field),  of  100  A/cm  width.  Furthermore,  using 
pulsed-laser  deposited  YBCO  films,  a  zero-field  superconducting  critical  current 
density,  Jc  (77  K),  of  1  x  106  A/cm2  was  demonstrated  on  an  all-solution,  simplified 
Ce02(MOD)/GZO(MOD)/Ni-W  architecture.  The  present  study  establishes  GZO 
buffers  as  a  candidate  material  for  low-cost,  all-solution  coated  conductor  fabrication. 


I.  INTRODUCTION 

The  conduction  of  electric  currents  in  the  absence  of 
resistivity  at  cryogenic  temperatures  (30-77  K)  offers 
great  potential  for  energy  saving  applications  of  high 
temperature  superconductor  (HTS)  wires  (HTS-coated 
conductors)  in  the  electric  utility  and  power  sectors.  In 
fact,  HTS  wires  can  carry  200  times  the  electrical  current 
of  equivalent  conventional  copper  wires  and  has  the  po¬ 
tential  to  save  up  to  20%  of  electrical  energy  that  is  now 
lost  to  Joule  heating  in  transmission  and  distribution. 
Second-generation,  coated  conductor  HTS  wire  is  a  layered 
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composite  composed  of  (i)  deposited  high  temperature 
superconductor  compound,  usually  YBa2Cu307_s 
(YBCO),  and  (ii)  intermediate  oxide  or  metal  buffer  lay¬ 
ers  on  (iii)  a  metal/metal-alloy  substrate.1  The  coated 
conductor  approach  has  achieved  excellent  wire  perform¬ 
ance,  stemming  from  the  fact  that  the  percolative  super¬ 
conducting  current  flow  occurs  through  a  network  of 
low-angle  grain  boundaries,  leading  to  critical  current 
density  values  (7C),  which  are  similar  to  those  obtained 
on  single  crystal  substrates.3  While  this  performance 
level  is  a  key  for  the  commercial  realization  of  HTS 
wires,  decreasing  cost  of  the  conductor  still  remains  a 
central  issue  for  penetration  in  commercial  markets. 
Hence,  avoiding  expensive  vacuum  processing  in  each 
fabrication  step  (i.e.,  HTS  and  buffer-layer)  would  po¬ 
tentially  aid  to  meet  the  Department  of  Energy  price/ 
performance  target  level  of  $10/kA  m.4 

One  of  the  leading,  potentially  economic  approaches 
to  fabricate  HTS  wires  is  the  so-called  rolling-assisted 
biaxially  textured  substrates  (RABiTS).1-3  Moreover, 
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non-vacuum  based  chemical  solution  deposition  proc¬ 
esses  such  as  sol-gel,  chelate,  and/or  metalorganic  de¬ 
composition  (MOD)  have  proven  to  be  a  viable  low-cost 
high-volume  manufacturing  technology  for  long-length 
practical  wires.5'6  Solution  chemistry  has  the  advantage 
of  atomic-scale  mixing  of  species,  precise  control  of 
metal-oxide  precursor  stoichiometry,  as  well  as  near 
100%  utilization  of  the  precursor  material. 

Presently,  buffer  layer  architectures  on  which  high-7c 
YBCO  films  have  been  consistently  obtained  comprise 
the  three  layers  Ce02/yttrium-stabilized  zirconia  (YSZ)/ 
(Y203  or  Ce02),  deposited  epitaxially  on  Ni-alloy  sub¬ 
strates  by  physical  vapor  deposition  (PVD)  tech¬ 
niques.4'7'8  Recently,  there  have  been  significant  efforts 
concentrated  on  chemical  solution  derived  SrTi03, 
RE203,  RE2Zr207,  and  RE3NbO?  (RE  =  rare-earth) 
films  to  assess  their  feasibility  as  buffer  layer  materials 
on  RABiTS.6’9  13  Among  these  systems,  sol-gel  proc¬ 
essed  single  La2Zr207  (LZO)  buffer  layers,  a  RE2Zr207- 
based  cubic  pyrochlore  structure,  as  well  as  LZO  seeds 
capped  with  sputtered  Ce02/YSZ  layers  have  shown  the 
most  promise  as  templates  for  YBCO  with  high-/c  per¬ 
formance.10'14  Despite  similar  precursor  processing 
chemistries,  the  other  solution  based  material  systems 
have  not  yet  demonstrated  performance  levels  as  effec¬ 
tive  as  RE2Zr207.  Currently,  studies  to  understand  the 
relationship  between  the  processing  techniques  and  the  role 
of  various  materials  are  being  pursued  by  many  others. 9-14 

Another  RE2Zr207-based  material  that  has  recently 
been  drawing  considerable  interest  is  Gd2Zr207  (GZO), 
with  a  pseudocubic  lattice  parameter  of  3.72  A.  To  date, 
fabrication  of  GZO  has  been  made  by  using  ion-beam- 
assisted  deposition  (IB AD),  a  vacuum-based  approach 
for  biaxially  textured  template  fabrication,  where  it  was 
realized  that  a  factor-of-two  increase  in  the  processing 
rate  can  be  obtained  over  the  original  IBAD-YSZ  proc¬ 
ess.15'16  Subsequently,  it  was  found  that  the  Ce02  films 
deposited  on  IBAD-GZO  layers  exhibit  significantly  im¬ 
proved  grain  alignment  (i.e.,  small  in-plane  mosaic  spread). 
Hence,  it  is  of  essence  to  assess  the  solution  deposition 
technology  for  GZO  films  on  the  RABiTS  template. 

In  this  study,  we  investigated  the  viability  of  GZO  as 
a  buffer  layer  via  wet  chemical  precursor  approaches.  In 
particular,  growth  and  microstructural  behavior  of  GZO 
layers  were  examined.  Contrary  to  the  common  observa¬ 
tion  of  porous  microstructure  in  solution  processed  oxide 
layers,  GZO  films  studied  in  this  initial  work  were  dense 
and  free  of  pores.  We  have  also  demonstrated  high-7c 
YBCO  performance  on  these  GZO  buffers  with  sputtered 
and  MOD-derived  Ce02  cap  layers. 

II.  EXPERIMENTAL 

The  RABiTS  technique  employs  a  well-established 
progressive  rolling  deformation  process  (95-98%) 


followed  by  recrystallization  annealing  step  to  obtain 
sharp  biaxially  cube-textured  metal  tapes,  with  (100) 
face-centered-cubic  (fee)  crystalline  axes  aligned  along 
both  the  rolling  direction  and  perpendicular  to  the  tape 
plane.  These  single-crystal-like,  flexible  metal  substrates 
in  tape  or  sheet  form,  are  tens  of  centimeters  in  width  and 
50  pan  in  thickness.  Both  pure  Ni  (99.99%)  and  Ni-3 
at.%  W  (Ni-W)  substrates  were  used.  Preparation  of  the 
substrates  has  been  described  in  detail  elsewhere.317 

Both  sol-gel  and  MOD  routes  were  used  to  prepare 
precursor  GZO  solutions.  Sol-gel  solution  preparation 
was  carried  out  under  an  Ar  gas  atmosphere  using  a 
Schlenck-type  apparatus  and  the  MOD  precursors  were 
made  in  ambient  atmosphere.  To  avoid  premature  hy¬ 
drolysis,  which  can  induce  precipitation,  the  as-received 
gadolinium  acetate  (Alfa,  purity:  99.9%,  Ward  Hill,  MA) 
powder  was  first  purified  by  dissolving  in  a  mixture  of 
water  and  acetic  acid  at  a  ratio  of  3:1.  The  solution  was 
filtered  and  then  evaporated  to  dryness  in  an  oven  main¬ 
tained  at  1 50  °C  for  overnight  to  remove  absorbed  mois¬ 
ture.  For  the  sol-gel  chemistry,  a  stoichiometric  mixture 
of  purified  gadolinium  acetate  and  zirconium  n- 
propoxide  in  70%  w/w  n-proponal  (Alfa)  were  dissolved 
and  refluxed  in  excess  of  2-methoxyethanol  (Alfa,  99%) 
in  a  250  ml  round-bottomed  flask.  The  acetic  acid  (Alfa, 
99.99%)  and  2-proponal  formed  during  the  exchange  re¬ 
action  was  distilled  out  along  with  the  excess  2-methoxy- 
ethanol.  The  final  concentration  of  the  solution  was  ad¬ 
justed  to  0.25  M  of  total  cations.  The  MOD  solution  was 
prepared  from  the  purified  gadolinium  acetate  by  first 
dissolving  it  in  acetic  acid  and  then  mixing  with  stoi¬ 
chiometric  amount  of  zirconium  acac  (Alfa)  while  con¬ 
tinuously  stirring  at  room  temperature.  The  final  volume 
is  adjusted  to  20  ml  to  produce  a  0.25  M  cation  precursor 
solution.  The  coatings  were  done  by  spin-coating  on  1 
cm  wide  substrates  at  4000  rpm  for  30  s  followed  by 
direct  heating  to  the  crystallization  temperature  in  a  re¬ 
ducing  atmosphere  of  forming  gas  (Ar  +  4%  H2).  To 
optimize  the  GZO  growth  conditions,  samples  were  an¬ 
nealed  at  various  temperatures  ranging  from  1050  to 
1250  °C  for  30  min. 

The  YBCO  films  were  deposited  by  pulsed  laser  depo¬ 
sition  (PLD)  at  780  °C  in  200  mTorr  oxygen  with  an 
average  energy  density  of  ~2  J/cm2/pulse.  Following 
deposition,  the  films  were  annealed  under  550  Torr  oxy¬ 
gen  during  cool  down.  The  samples  were  characterized 
for  crystal  structure,  phase  purity,  and  texture  by  using 
x-ray  diffraction  (XRD),  with  high  temperature  XRD  to 
document  the  nucleation  and  growth.  Scanning  electron 
(SEM)  and  high-resolution  transmission  electron  micros¬ 
copy  (HRTEM),  equipped  with  energy  dispersive  spec¬ 
trometry  (EDS),  were  used  for  homogeneity,  microstruc¬ 
ture,  and  cross-sectional  examinations.  We  used  atomic 
force  microscopy  (AFM)  for  surface  roughness  analysis. 
Secondary  ion  mass  spectroscopy  (SIMS)  depth-profile 
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analyses  were  conducted  to  study  the  chemical  compat¬ 
ibility  and  diffusion  of  elemental  products  through  the 
conductor  stack,  as  related  to  the  possible  cation  con¬ 
tamination  of  YBCO.  For  the  SIMS,  an  oxygen  primary 
ion  beam  was  used.  The  major  isotope  of  each  element 
was  followed,  and  spectrometer  mass  resolution  was  set 
at  M/AM  =  3000  (10%  valley)  to  exclude  the  contribu¬ 
tions  of  other  possible  interferences.  Electrical  properties 
such  as  the  resistive  superconducting  transition  tempera¬ 
ture  ( Tc ),  critical  current  density  (/c),  and  current-voltage 
(I-V)  characteristics  of  the  composite  structures  were 
evaluated  by  a  standard  four-probe  technique.  Values  of 
Jc  were  assigned  at  a  1  pV/crn  criterion. 

III.  RESULTS 

While  GZO  buffer  layers  processed  by  both  sol-gel 
and  MOD  routes  were  stable  up  to  a  maximum  proc¬ 
essing  temperature  (7j  of  1250  °C,  sol-gel  synthesized 
GZO  films  required  temperatures  above  1200  °C  to  ob¬ 
tain  good  crystalline  quality.  Figure  1  shows  the  XRD 
out-of-plane  (Aw)  and  in-plane  (A(J>)  full  width  at  half¬ 
maximum  (FWHM)  peak-width  distributions  for  GZO 
(004)  and  (222)  reflections  as  a  function  of  processing 
temperature.  For  direct  quantitative  comparison  between 
the  crystalline  quality  of  the  samples,  FWHM  values  are 
normalized  to  those  of  the  underlying  Ni  substrate.  While 
the  processing  temperature  does  not  have  substantial  ef¬ 
fect  on  the  in-plane  alignment  of  the  GZO  films,  the 
degree  of  mosaic  spread  of  the  GZO  layers  sharpens  up 
significantly  with  increasing  temperature  above  1100  °C 
and  continues  to  gradually  improve  up  to  temperatures 
around  1200  °C.  These  results  are  expected  because,  dur¬ 
ing  the  transformation  of  amorphous  to  crystalline  phase, 
heterogeneous  nucleation  events  occur  preferentially  at 
the  substrate  interface  due  to  the  lower  interfacial  energy. 


FIG.  1.  Dependence  of  the  normalized  XRD  FWHM  peak  widths  on 
processing  temperatures,  quantifying  the  crystallinity  of  sol-gel 
Gd2Zr203  films:  (i)  out-of-plane  distribution  width  Au>  and  (ii)  in¬ 
plane  distribution  width  Ac)). 


As  such,  the  in-plane  alignment  of  GZO  films  is  primar¬ 
ily  governed  by  the  crystallographic  texture  of  and  epi¬ 
taxy  with  the  underlying  substrate.  On  the  other  hand,  the 
observed  improvement  in  out-of-plane  texture  of  GZO  is 
a  direct  consequence  of  the  processing  temperature, 
where  the  thermal  energy  assists  to  align  misoriented 
grains,  reducing  the  mosaic  spread.  In  fact,  improvement 
of  texture  alignment  can  be  clearly  observed  in  the  loga¬ 
rithmic  scale  (222)  pole  figures  for  GZO  films  that  were 
processed  between  1050  and  1225  °C  for  1  h  in  flowing 
Ar+4%H2  [Figs.  2(a)— 2(d)] .  For  processing  temperatures 
<1200  °C,  significant  amount  of  misoriented  grains  are 
present  along  with  less  well  defined  poles;  and  the  quan¬ 
titative  analysis  of  the  pole  figure  intensities  indicates 
that  the  samples  are  <  90%  cube  textured  (Fig.  3).  On  the 
other  hand,  a  well-developed,  95%  single-component 
cube  texture  is  evident  for  the  sample  annealed  at 
1225  °C.  It  is  well  known  that  non-textured  materials  can 
result  in  undesirable  high-angle  grain  boundaries,  which 
are  proven  to  severely  limit  the  super  current  flow  in  the 
HTS  film.  Despite  the  development  of  good  texture,  the 
out-of-plane  alignment  of  GZO  films  did  not  sharpen  to 
the  level  of  the  substrate  even  upon  annealing  at  1225  °C. 
This  may  be  a  consequence  of  chemical  and  physical 
properties  of  the  substrate  surface,  thermal  processing 
conditions  and/or  the  precursor  chemistry  of  the  sol-gel 
process.  Besides,  such  high  temperatures  could  also  in¬ 
duce  secondary  recrystallization  in  technologically  vi¬ 
able  Ni-based  alloy  substrates,  resulting  in  significant 
fraction  of  random  texture  formation.  Hence,  these  re¬ 
sults  challenged  us  to  develop  more  practical  solution 
routes  to  fabricate  GZO  layers  on  Ni-based  substrates. 
Hereafter,  the  processing  conditions  and  physical  prop¬ 
erties  of  GZO  layers  synthesized  only  by  the  MOD  so¬ 
lution  method  will  be  discussed. 

First,  nucleation  and  growth  behavior  of  MOD  GZO 
layers  were  determined  by  in  situ  XRD  studies.  Experi¬ 
ments  were  carried  out  in  a  Scintag  PAD  X  diffractom¬ 
eter  with  a  linear  position  sensitive  detector  covering  a  20 
range  of  8°  centered  at  20  =  31°  in  reducing  Ar  +  2%He 
atmosphere.  A  single-coat  GZO  film,  approximately 

o  15-20  nm  thick,  on  a  Ni-W  substrate  was  heated  from 

a 

“S  room  temperature  to  1250  °C  on  a  rhodium-platinum 
“o  strip  heater  at  a  heating  rate  of  400  °C/min.  XRD  patterns 
were  recorded  for  a  series  of  temperatures  (data  not 
shown  here).  Film  crystallization  nucleated  at  about 
700  °C  and  phase  formation  was  completed  around 
1 100-1 150  °C,  which  was  evidenced  by  the  saturation  of 
the  GZO  (004)  peak  intensity  with  further  increase  in 
temperature  up  to  1250  °C.  We  have  not  observed  any 
indication  of  polycrystalline  GZO  component  formation 
at  the  temperature  range  studied.  This  result  reflects  a 
significantly  lower  (75-125  °C)  processing  temperature 
to  form  epitaxial  structure  through  MOD  precursor 
chemistry.  Even  though  there  is  no  direct  evidence,  the 
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(a)  T  =  1050  °C  (b)  T  =  1100  °C 


(c)  T  =  1180  °C  (d)  T  =  1225  °C 


FIG.  2.  XRD  pole  figures  for  Gd2Zr207  layers  on  pure  Ni  substrates,  plotted  on  a  logarithmic  scale,  for  processing  at  various  temperatures, 
(a)  1050  °C,  (b)  1100  °C,  (c)  1180  °C,  and  (d)  1225  °C. 


FIG.  3.  Pole  figure  cube-texture  percentages  as  determined  by  the 
quantitative  analysis  of  the  pole  intensities  for  the  samples  shown  in 
Fig.  2. 


reason  for  the  observed  decrease  in  processing  tempera¬ 
ture  could  be  due  to  the  differences  in  precursor  chem¬ 
istries  of  sol-gel  and  MOD-derived  films.  Moreover, 
high-temperature  XRD  studies  also  revealed  that  the  film 


growth  is  completed  within  5  min  when  heat  treated  at 
1 150  °C.  For  this  study,  another  single-coat  GZO  sample 
was  heated  to  1150  °C  at  the  same  heating  rate,  with 
XRD  patterns  collected  every  30  s  for  60  min.  In  general, 
decrease  in  processing  temperature  should  ease  the  fab¬ 
rication  requirements  and  provide  a  more  practical  syn¬ 
thesis  scheme  on  Ni-W  as  well  as  on  other  technologi¬ 
cally  viable  substrates. 

After  having  established  the  basic  relationship  be¬ 
tween  the  phase  nucleation  and  growth  characteristics  via 
MOD  approach,  GZO  films  with  thicker  coatings  were 
produced  by  multiple  spin  coatings  with  intermediate  an¬ 
nealing  steps.  Thicker  coatings  are  generally  required 
due  to  the  substrate  cation  diffusion  issues  associated 
with  bulk  porosity  in  solution  processed  buffer  layers. 
Figure  4  shows  the  XRD  0-20  spectrum  of  1-3-layer 
coatings  processed  at  1150  °C.  Each  coat  is  typically 
15-20  nm  thick.  Clearly,  the  GZO  (004)  peak  intensity 
increases  with  each  successive  coat  as  the  intensity  of 
polycrystalline  GZO  (111)  component  remains  at  the 
background  levels. 

In  Fig.  5(a),  a  typical  plan-view  high-resolution  SEM 
microstructure  of  a  single-coat  GZO  film  is  presented  in 
the  vicinity  of  a  grain  boundary.  The  sample  exhibits 
a  dense,  continuous,  and  crack-free  morphology  with 


4 
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FIG.  4.  XRD  0-20  spectra  of  1-3  coats  of  Gd2Zr207  layers  on  textured 
Ni-W  substrates,  showing  a  monotonic  increase  in  the  (004)  intensity 
with  the  number  of  coats. 


uniform  coverage  at  the  grain  boundary.  AFM  measure¬ 
ments  [Fig.  5(b)]  show  that  the  GZO  film  has  a  narrow 
distribution  of  nanoscale  growth  nuclei.  The  root-mean- 
square  roughness  (RJ  on  a  10  x  10  |Jim  area  is  3  nm, 
which  is  comparable  to  that  of  the  underlying  substrate 
(/?a=  1  nm).  A  more  detailed  roughness  profile,  obtained 
without  averaging,  can  be  seen  from  the  line  scan  analy¬ 
sis  on  a  5  x  5  pm  region  [Fig.  5(c)].  No  significant 
variations  in  the  surface  profile  along  the  line  scan  are 
observed,  indicative  of  spatially  uniform  film  growth. 


Cross-section  examination  of  GZO  films  on  Ni-W  sub¬ 
strates  revealed  a  number  of  interesting  growth  charac¬ 
teristics.  For  comparison,  TEM  images  of  the  thinned 
cross-sectional  area  of  a  single  coat  sol-gel  and  a  three 
coat  MOD  derived  GZO  films  are  shown  together  in 
Figs.  6(a)  and  6(b).  While  both  samples  show  a  dense 
microstructure  and  complete  c-axis-oriented  growth 
throughout  the  thickness,  the  sol-gel  GZO  sample  exhibit 
a  rougher  surface.  This  is  likely  due  to  the  processing  at 
a  relatively  higher  temperature  than  MOD  films  (T  = 
1250  versus  1150  °C).  For  this  particular  sol-gel  sample, 
the  GZO  thickness  varies  between  13-23  nm,  with  an 
average  thickness  of  19  nm.  Epitaxial  orientation  of  the 
GZO  and  Ni-W  substrate  can  be  seen  within  the  selected 
area  electron  diffraction  pattern  [Figs.  6(c)],  showing  that 
the  GZO  layer  was  oriented  with  its  (001)  direction  nor¬ 
mal  to  the  interface,  and  producing  a  rotated  cube-on- 
cube  orientation  of  GZO(l  10)//Ni-W(100).  A  closer 
look  at  the  interface  of  both  samples  [Fig. 7(a)  for  sol-gel 
and  7(b)  for  MOD  sample]  revealed  no  evidence  of  re¬ 
actions  between  the  GZO  film  and  substrate  or  presence 
of  any  secondary  phases  within  the  GZO  layers.  In  fact, 
an  EDS  line  scan  across  the  boundary  between  the  sol-gel 
derived  film  and  Ni-W  substrate  [Fig.  7(c)],  using 
an  electron  probe  of  approximately  1.5  nm  diameter, 
displays  sharp  changes  in  the  Gd,  Zr,  and  Ni  signals  at 
the  interface,  providing  further  support  for  a  clean  inter¬ 
face  and  no  significant  intermixing.  Most  interestingly, 
unlike  the  common  observations  reported  in  solution 
processed  films  (i.e.,  sol-gel  La2Zr207  or  MOD  YBCO), 


FIG.  5.  Surface  microstructure  of  a  single  coat  Gd2Zr207  film  investigated  by  (a)  high-resolution  SEM,  (b)  AFM,  and  (c)  AFM  surface  profile 
on  a  5  p,m  line  scan  (small  image).  5 
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FIG.  6.  Cross-section  TEM  images  of  the  (a)  single-coat  sol-gel  and 

(b)  three-coat  MOD  processed  Gd2Zr207  films  on  Ni-W  substrates. 

(c)  Selected  area  diffraction  pattern  illustrating  the  Ni-W(lOO)// 
Gd2Zr207(l  10)  rotated  cube-on-cube  epitaxial  relationship  between 
the  films  and  substrates. 


these  high-resolution  TEM  images  show  no  porosity  in 
GZO  layers  prepared  by  either  technique.  Although  fur¬ 
ther  work  is  required  to  understand  the  underlying 
mechanisms  for  this  favorable  growth  behavior,  it  may  in 
part  be  related  to  the  chemical  nature  of  the  precursor 
species,  such  that  the  onset  of  crystallization  is  delayed  to  g 


FIG.  7.  High-resolution  TEM  images  of  the  interface  between 
Gd2Zr207  and  Ni-W  for  (a)  the  single  coat  sol-gel  and  (b)  the  three- 
coat  MOD  deposited  film  revealing  a  pore-free  and  dense  microstruc¬ 
ture.  (c)  EDS  nano-probe  line  scan  across  the  GZO/Ni-W  interface, 
verifying  a  clean  and  sharp  interface  with  no  interfacial  reactions  or 
interdiffusion. 
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higher  temperatures,  therefore  enhancing  the  film  densi- 
fication.  This  is  a  significant  observation,  since  pores 
along  with  other  structural  defects  can  act  as  accelerated 
pathways  for  inward  diffusion  of  oxygen  to  the  metal 
substrate  as  well  as  outward  diffusion  of  substrate  cations 
to  the  HTS  layer,  degrading  the  physical  properties  of  the 
conductor.  Obviously,  eliminating  such  defects  from  any 
buffer  architecture  should  improve  the  performance  of  a 
coated  conductor  structure.  The  SIMS  data  shown  in 
Fig.  8  are  consistent  with  these  observations  of  good 
growth  behavior.  The  interfaces  between  layers  in  the 
sputter  depth  profile  are  sharp  and  do  not  show  the  sput¬ 
ter  profile  broadening  and  degradation  with  increasing 
depth  that  is  typically  observed  with  porous  or  rough 
films.  The  linear,  normalized  signal  representation  used 
here  is  chosen  as  the  appropriate  representation  to  reveal 
any  possible  cation  diffusion.  The  apparent  diffusion  of 
small  amounts  of  copper  from  the  YBCO  layer  into  the 
GZO  layer  may  be  SIMS  beam-induced  Cu  segregation 
known  to  occur  in  the  profiling  of  oxides.18  Small 
amounts  of  Ce  signal  seem  to  have  diffused  into  the 
topmost  portion  of  the  GZO  layer.  In  that  portion  of  the 
film,  Zr  has  greater  signal  than  in  the  remainder.  Gd  and 
C  signals  are  correspondingly  low  in  this  portion  of  the 
GZO  layer,  rising  to  full  value  in  the  deeper  portion  of 
the  layer.  In  the  light  of  the  transmission  electron  micros¬ 
copy  HRTEM-EDS  scan  of  Fig.  7,  this  may  be  a  SIMS 
ion  enhancement  effect  due  to  differing  chemical  envi¬ 
ronment  through  the  GZO  layer,  specifically  caused  by 
the  variable  carbon  distribution. 

The  performance  of  the  MOD  GZO  buffer  layers  was 
evaluated  by  depositing  both  in  situ  PLD  and  ex  situ 
metalorganic  trifluoroacetate  (TFA)-based  YBCO  coat¬ 
ings.  The  latter  was  used  in  our  initial  test.  First,  Ce02/ 
YSZ  buffer  layers  were  deposited  by  magnetron  sputter¬ 
ing  on  a  single  layer  GZO  coated  Ni/Ni-W  substrate. 
A  Ce02  cap  layer  was  used  to  provide  an  optimized 


structural  and  chemical  template  for  TFA  YBCO  growth. 
The  intermediate  YSZ  layer  serves  as  a  barrier  for 
Ni  diffusion.  Chemical  compatibility  is  especially  crucial 
for  ex  situ  grown  YBCO  films.  Details  of  the  TFA  proc¬ 
ess  are  presented  in  Ref.  19.  Figure  9  illustrates  the 
current-voltage  characteristics  of  a  0.8-p.m-thick  TFA- 
based  YBCO  film  on  such  a  substrate.  The  sample  ex¬ 
hibited  a  self-field  critical  current  (7C)  of  100  A/cm  width, 
which  corresponds  to  Jc  =  1.25  x  106  A/cm2.  Although 
this  result  does  not  reflect  optimum  performance,  it  dem¬ 
onstrates  that  MOD-synthesized  GZO  films  can  act  as 
good  templates  for  further  growth  of  epitaxial  oxide  lay¬ 
ers.  Next,  in  an  attempt  to  simplify  the  entire  structure, 
we  removed  the  YSZ  layer  from  the  buffer  architecture 
for  in  situ  deposition  of  YBCO.  In  Fig.  10,  we  compare 
the  magnetic  field  (H)  dependence  of  transport  Jc  at 
77  K  for  two  PFD  YBCO  films.  These  films  were  de¬ 
posited  on  three  coat  GZO  buffers  (—60  nm  thick), 
capped  with  both  sputtered  and  solution  (MOD)  derived 
Ce02  layers  (—20  nm  thick).  Measurements  are  made 
with  the  field  applied  parallel  to  the  c-axis.  Details  of 
Ce02  fabrication  by  either  solution  or  sputtering  tech¬ 
niques  have  been  reported  elsewhere.4'7'20  The  zero-field 
Jc  value  for  a  0.2-pm-thick  YBCO  film  on  an  all-solution 
processed  Ce02(solution)/GZO(solution)/Ni-W  is  1  x 
106  A/cm2,  and  the  superconducting  transition  tempera¬ 
ture  Tc  is  around  92  K  (see  inset).  A  Jc  (self-field)  of 
1.1  x  106  A/cm2  is  obtained  for  a  thicker  YBCO  film 
(0.5  p,m)  on  Ce02(sputtered)/GZO(solution)/Ni-W, 
which  reflects  performance  comparable  to  that  on  stan¬ 
dard  vacuum-based  three-layer  Ce02/YSZ/Y203  buffer 
architecture.  Since  the  YBCO  is  thicker  in  the  latter 
case  and  an  exponential  decrease  in  Jc  with  thickness 
for  in  situ  YBCO  coatings  is  well  known,21'22  the  Jc-H 
data  suggest  that  further  optimization  is  required  for 
MOD  Ce02  cap  layers.  In  fact,  the  surface  of  some 
samples  showed  small  amounts  of  polycrystalline  Ce02. 


1.2 


FIG.  8.  SIMS  depth  profile  of  the  three-coat  MOD-processed  GZO/ 
Ni-W  sample,  showing  major  element  distributions  throughout  the 
sample.  The  intensity  scale  for  each  element  is  normalized  to  its  maxi¬ 
mum  value.  Sputter  time  is  proportional  to  depth,  but  sputter  rates  of 
layers  differ. 


FIG.  9.  Current-voltage  curve  of  a  YBCO/Ce02/YSZ/GZO/Ni/Ni-W 
sample,  where  YBCO  is  processed  via  the  ex  situ  TFA  approach.  The 
dashed  line  indicates  the  voltage  criterion  for  definition  of  /c. 
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FIG.  10.  Magnetic  field  dependence  of  Jc  measured  at  77  K  for  two 
YBCO  films  deposited  by  PLD  on  the  (i)  all-solution  MOD  Ce02  and 
(ii)  sputtered  Ce02  capped  Gd2Zr207(MOD)/Ni-W.  The  inset  shows 
the  resistive  superconducting  transition  region  for  the  former  sample. 

Such  random  crystallites  are  possibly  a  result  of  surface 
nucleation  associated  with  competition  between  the  crys¬ 
tallization  driving  forces,  where  the  free  surface  nuclea¬ 
tion  becomes  as  plausible  as  interface  nucleation  at  the 
growth  conditions  used  for  MOD  Ce02  films.  Cross- 
sectional  TEM  investigations  (not  shown)  depicted  no 
indication  of  homogeneous  random  nucleation.  An  addi¬ 
tional  issue  is  that  the  out-of-plane  texture  of  MOD  GZO 
films  needs  further  improvement,  evidenced  by  the  slight 
increase  in  FWHM  values  of  the  w  scans  on  progressing 
from  substrate  to  YBCO  layer.  For  instance,  while  the 
in-plane  alignment  of  individual  layers  in  YBCO/ 
Ce02(sputtered)/GZO(solution)/Ni-W  structure  repli¬ 
cate  the  texture  of  the  Ni-W  substrate  (A4»  =  8°),  the  co 
rocking  curve  FWHM  are  progressively  broader,  with 
value  of  6.2°,  7.4°,  8.5°,  and  8.6°  for  the  Ni-W,  GZO, 
Ce02,  and  YBCO  layers,  respectively.  This  broadening 
in  Aw  may  have  been  a  contributing  factor  for  the  non- 
optimal  transport  Jc.  Interestingly,  a  similar  increase  was 
also  found  in  the  out-of-plane  texture  of  solution-based 
FZO  and  RE203  buffer  systems,  but  no  explanation  was 
given  for  the  cause.10'11'23'24  Nevertheless,  the  present 
preliminary  results  indicate  strong  viability  of  solution- 
based  GZO  buffer  layers  for  practical  HTS-wire  fabrica¬ 
tion. 


IV.  SUMMARY 

We  have  demonstrated  that  GZO  films  can  be  grown 
epitaxially  on  Ni-W  substrates  by  sol-gel  and  MOD- 
based  solution  deposition  processes.  The  effects  of  proc¬ 
essing  parameters  on  the  growth  of  these  buffers  were 
studied.  Remarkably,  GZO  films  synthesized  by  both 
techniques  showed  dense  and  pore-free  microstructure, 
which  were  reflected  within  the  examined  cross-section 


microstructures.  Studies  also  indicated  that  GZO  films 
via  MOD  route  can  be  processed  at  temperatures  75- 
125  °C  lower  than  the  sol-gel  counterparts,  easing  the 
materials  requirements  on  the  technologically  viable 
metal  substrates.  Through  both  the  PFD  and  TFA  meth¬ 
ods,  high-quality  YBCO  films  have  been  obtained  on 
MOD  derived  GZO  films.  On  a  Ce02/YSZ/GZO/Ni-W 
architecture,  0.8-pm-thick  TFA  YBCO  film  exhibited  7C 
(77  K)  values  of  100  A/cm  width.  On  a  simplified,  ab¬ 
solution  buffer  architecture  of  Ce02(solution)/ 
GZO(solution)/Ni-W,  we  achieved  self-field  Jc  (77  K)  of 
1.0  x  106  A/cm2  for  PFD-deposited  0.2- pm- thick  YBCO 
films.  These  observations  reflect  the  strong  candidacy  of 
MOD  GZO  buffers  for  low-cost,  scalable  second- 
generation  HTS-wire  manufacturing. 
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